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INTRODUCTION
A relatively large number of three-dimensional NavierStokes analyses for turbine blade row heat transfer have been reported in the literature.
Each of the reported results have
shown comparisons with at most a few experimental cases. In order to validate an approach to predicting turbine blade row heat transfer, it is desirable to show comparisons with experimental data for an extended range of test conditions. Among the earliest heat transfer predictions using steady state threedimensional analyses were those of ttah (1989) and Choi and Knight(1988) . They showed comparisons with the experimental data of Graziani et al.(1980) . The experimental data were for a large scale rotor geometry tested in a linear cascade at low Mach number.
The Blair(1994) . These data were for a variety of Reynolds numbers and incidence angles. In these tests the Mach numbers were relatively low, and the average Tw/T_ = 1.1. Data for stator vanes at transonic Mach numbers and wall-to-gas temperature ratios typical of gas turbine applications have been measured by a number of researchers.
York et a1. (1984) obtained data in a linear cascade for a Chen and Goldstein ( stator vane configuration. Harasagama and Wedlake(1991), Chana(1992) , and Arts and Heider(1994) presented stator vane heat transfer obtained in shock tube facilities for annulax cascades. Predictions using three-dimensional NavierStokes analyses were obtained by Heider and Arts(1994) for the data of Arts and Heider(1994) , and by Boyle and Jackson(1995) for the data of Chana(1994) .
In general most predictions presented in the literature showed comparisons with a limited number of experimental cases. The data available in the literature cover a wide variety of test conditions. In addition to a range of geometries,
Reynolds and Mach numbers, there are significant differences in turbulence intensity, inlet boundary layer thicknesses, as well as inlet blade row temperature profile among the experimental data.
The work reported herein consists of comparisons of predicted blade row heat transfer with experimental data for a variety of test configurations The purpo_ of examining a varietyof testconfigurations is to increaseconfidence in the ability of both the analysisand turbulence model to predict blade row heat transfer.The analysiswas done using the steady statethree-dimensionalNavier-Stokescode described by Chima(1991) , and by Chima and Yokota(1988) . Results were obtained using algebraicturbulence models. Table I gives a descriptionof the experimental data sources with which the computational results are compared.
EXPERIMENTAL

DATA USED FOR VERIFICATION
There are four stator and four rotor geometries. The data of Goldstein and Spores(1988) are for the same rotor geometry as Chen and Goldstein(1992).
The maximum Mach number for each of the stator tests is in the transonic flow regime, but only the rotor t_st data of Giel et a1. (1996) is in the transonic region. Except for the data of Graziani eL a1. (1980) , the Table II gives characteristics of the various data sources. The data of Boyle and Russell(1990) were for a low turbulence intensity, while the other stator data were for moderate to high levels of turbulence. All cases had endwall data, and
Arts and Heider(1994) and Harasagama and Wedlake(1990) showed vane heat transfer data.
High turbulence levels were present in Blair's test and for some of the tests of Giel et hi. The other rotor data had low turbulence levels. A large number of cases were examined, placing a premium on obtaing solutions with a minimum of CPU time.
Therefore, moderate size grids were used. A typical grid size was 185 x 49 x 65, and was chosen based on previous work, Giel(1992) ).
(Boyle and
Even though midspan symmetry
was assumed for the linear geometry test cases, 65 spanwise grid lines were used to maintain a desirable stretching ratio for the high Reynolds number test cases.
C-type grids
were generated using the procedure described by Arnone et. a1.(1992) .
In this procedure grid lines near the surfaces are embedded within a coarse grid, which is generated using Sorenson's(1980) technique. It was found necessary to maintain grid stretching ratios less than 1.3 in addition to having a y+ near unity to obtain grid independent results.
The primary convergence criteria was that the surface heat transfer remained constant as the solution advanced in time. It was observed that the ratio ofinlet to exit mass flow varied greatly during the first five hundred or so iterations.
In addition to the stability in the surface heat transfer, cases were run until there was only a small variation between the inlet and exit mass flow. When these criteria were met, it was found that the residuals had decreased by three or more orders of magnitude. The analysis was run on a Cray C90 
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Data of Arts and a stator at transonic exit conditions. The data were given as heat transfer coefficients, and have been normalized by the true chord and inlet conductivity to yield Nusselt numbers.
There is good agreement between the predicted and measured Nnsselt numbers for both the hub and casing surfaces.
In the experiment vane surface heat transfer measurements were made at 6%, 50%, and 94% of span. There isa high degree of similarity between the predictionsforthe data of Goldsteinand Spores,and forthe data of 
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Comparisons are shown between predictions and experimental data for blade and endwaU heat transfer. The comparisons are given for both vane and rotor geometries over an extensive range of Reynolds and Mach numbers. Comparisons are made with experimental data from a variety of sources. A number of turbulence models are available for predicting blade surface heat transfer, as well as aerodynamic performance. The results of an investigation to determine the turbulence model which gives the best agreement with experimental data over a wide range of test conditions are presented.
-<o_ o=_- Since many of these testcases, and actual engine operation,were at relatively high turbulence levels, the transitioncriteria of Mayle (1991) 
respectively.
A uniform temperature boundary conditionwas imposed on allsolidboundaries. Spanwise radialequilibriumwas assumed at the exit boundary. At each spanwise locationthe exit staticpressure was allowed to vary in the circumferentialdirection. The average hub exit staticpressure was specified, but the pitchwisevariationwas determined from the internalflow field.Uniform totalconditionswere specifiedforthe inletcore flow,and uniform staticpressureswere specifiedthrough the boundary layers.The inletboundary layer temperature and velocity profiles were determined using fiatplate correlations in which the frictionfactor and Stanton number are determined by thespecified inletboundary layerthickness.The correlations are those given by Kays and Crawford (1980) . Using a simple power law forthe inlet temperature profileproduces an erroneous result, since the power law gives an infinite gradientat the wall.
A large number of cases were examined, placing a premium on obtaing solutionswith a minimum of CPU time.
Therefore,moderate sizegridswere used. A typical grid size was 185 x 49 x 65, and was chosen based on previous work, (Boyle and Giel(1992) ). Even though midspan symmetry was assumed for the lineargeometry testcases,65 spanwise grid lineswere used to maintain a desirablestretchingratio for the high Reynolds number test cases. C-type grids were generated using the procedure described by Arnone et. ai. (1992) .In thisprocedure grid linesnear the surfaces are embedded within a coarsegrid,which isgenerated using Sorenson's(1980) technique.It was found necessary to maintaingridstretchingratioslessthan 1.3in additionto having a !/+near unity to obtain gridindependent results.
The primary convergence criteria was that the surface heat transferremained constant as the solutionadvanced in time. Itwas observed that the ratioof inletto exitmass flow varied greatly during the first fivehundred or so iterations.
In additionto the stability in the surfaceheat transfer, cases were run untilthere was only a small variationbetween the inletand exit mass flow. When these criteriawere met, it was found that the residuals had decreasedby threeor more orders of magnitude. The analysiswas run on a Cray C90 machine. The CPU time for convergence was between one and three hours, with the low Much number cases requiring the most time. The low Much number cases were run with a minimum P2/P_ of 0.985 and the experimental Reynolds number to improve convergence speed. A test case with a higher pressure ratio,and the same Reynolds number took significantly longer to convergeto the same result. The computer code was vectorizedby the developer,Chima(1991).
Consequently, the average CPU time per grid point to advance the solutionone time cyclewas 6 x 10-¢ seconds. For the high Reynolds number case the analysis overpredicts the heat transfer in the throat region.
DISCUSSION of RESULTS
As will be shown, a significant amount of overprediction was due to the choice of turbulence model. To insure that the discrepancy in the heat transfer prediction was due to the choice of turbulence model, other factors were examined computationally.
The vane was neither heated nor cooled, and the endwall was subjected to a nearly constant heat flux. There was no significant difference in the calculated endwall heat transfer when the vane was unheated compared to when it was maintained at the endwall temperature. There was also no significant variation in endwall Stanton number when the endwall was subject to a uniform heat flux boundary condition. Data of Arts and Heider. Figure 3 shows There is good agreement between the predicted and measured Nusselt numbers for both the hub and casing surfaces.
In the experiment vane surface heat transfer measurements were made at 6%, 50%, and 94% of span. Figure 3c compares good agreement with the data in the endwall leading edge region.The peak value predictedin the passage issomewhat greaterthan the experimental value,and agrees best for the high Reynolds number case.Although not shown in the measurements there isa peak predictedheat transferlevelin the wake as great as the peak passage value.
The predicted rotor midspan heat transferon the rear portion of the suction surfaceagrees wellwith the data. A Tu of 10% was used inthe analysis, and resultedin transition closerto the leadingedge than isevidenced by the data. The data show high heat transferlevelson the suction surface near the hub, and closeto the tip,where the heat transferis affectedby the clearanceflows.The analysispredictsthese high heat transferrates. In terms of the rotor hub region heat transfer, these results agree better with the data than do the predictions for the data of Chen and Goldstein(1992).
The heat transfer predictions for the pressure surface are higher than the data. This is due to an early prediction for the start of transition. In the data high heat transfer levels are seen The following figures illustrate the differences in heat transfer attributable solely to differences in the turbulence models. Figure 9 shows the prediction using the Baldwin-Lomax turbulence model for the same t_t case as in figure 2b . The Stanton numbers are in better agreement with the data using the Baldwin-Lomax model. The peak endwall heat transfer has been reduced considerably, and is in closer agreement with the experimental data. There isa high degree of similaritybetween the predictionsforthe data of Goldsteinand Spores,and forthe data of 
